Objectives. DISH is a condition characterized by flowing ossifications of the spine with or without ossifications of entheses elsewhere in the body. Studies on the prevalence and pathogenesis of DISH use a variety of partly overlapping combinations of classification criteria, making meaningful comparisons across the literature difficult. The aim of this study was to systematically summarize the available criteria to support the development of a more uniform set of diagnostic/classification criteria.
Introduction
DISH is a common condition in the elderly and is characterized by flowing anterolateral ossifications alongside the right thoracic spine, frequently accompanied by similar ossifications of the remaining spinal segments and ossification of peripheral tendinous insertions ( Fig. 1 ) [1] . Clinical symptoms include pain, restrictive lung disease, dysphagia, upper airway obstruction and skeletal stiffness [2, 3] . Ankylosis of the spine in patients with DISH increases the risk of spinal fracture 4-fold, often displaying highly unstable fracture configurations [4] . Advanced age, obesity, diabetes mellitus and metabolic syndrome are associated with DISH [2, 5] . On a molecular level, the condition is related to genetic, metabolic, mechanical and vascular factors and to changes in signalling pathways, such as Wnt, nuclear factor kB, BMP2, PGI 2 and endothelin 1 [2] . The prevalence of DISH has been studied in different populations worldwide and ranges between 2.9 and 42% depending on racial and ethnical diversity and variations in the type of imaging and classification criteria used [1, 6] . An increase in its prevalence can be expected in the coming decades as a result of longer life expectancy combined with worldwide increase of the metabolic syndrome [2, 5] .
One of the first documentations of hyperostosis of the spine dates from the end of the 19th century, and many authors have since attempted to define this phenomenon [712] . The diagnosis is typically based on radiological imaging techniques or post-mortem anatomical assessment, because clinical symptoms or laboratory tests specific for DISH are not available [1, 2] .
In the current literature, the most frequently used set of criteria to diagnose DISH are the three-exclusively radiographic-criteria described by Resnick and Niwayama [9] . Their criteria consist of flowing ossification alongside the anterolateral aspect of at least four contiguous vertebral bodies, relative intervertebral disc preservation and the absence of apophyseal ankylosis and inflammatory changes of the SI joint. Limitations of the Resnick criteria include the likelihood of describing an advanced/terminal stage of DISH without the option to classify preceding phases, the absence of standardized descriptions or measurements (e.g. the term flowing is not further defined), the inclusion of spinal manifestations only and the apparent mutual exclusivity of DISH and AS, which has been disputed by some authors [11, 1317] .
Multiple authors have proposed new sets of criteria for DISH to overcome these limitations, but consensus on the classification criteria has not yet been reached [1012, 18] . As a consequence, articles describing associations and risk factors for DISH often use different sets of criteria, complicating comparisons across the literature. Furthermore, many studies dichotomize participants into a definite DISH group and a definite no DISH group, forgoing any hope of gaining insight into the progressive nature of DISH [5] .
The hyperostosis in DISH forms slowly over time and the four vertebral bodies that are completely connected by the new bone formation in a relatively late phase as described by Resnick must necessarily be preceded by a
FIG. 1 Example of DISH, with illustration of the suggested affected areas
In (A), the thoracic CT scan of a 64-year-old male is presented. The illustrations (BD) represent a schematic overview of the regions that are suggested to be of interest (red) in patients with DISH. In (B), a thoracic spine is shown, with hyperostosis of the anterior part of the spine over multiple levels, with a normal height of the intervertebral disc and no ankylosis of the apophyseal joints. The minimal number of levels affected by the hyperostosis for the diagnosis of DISH is still open for discussion. The pelvis is presented in (C), and the SI joints should be of regular joint quality according to Bregeon et [23] , Crubé zy and Crubé zy-Ibanez [22] and Rogers and Waldron [12] , and an example of a knee with ossification of the tendon insertions is shown in (D).
precursory, intermediate phase [19] . Analyses on the location of origin, tissue type of origin and triggers for bone growth rate are essential to move beyond describing associations and to gain a more complete understanding of the pathogenesis of DISH. Limiting research to the endstage DISH described by Resnick and Niwayama [9] precludes this [1, 5, 18, 20] .
The aim of this study was to evaluate which sets of criteria for DISH are available in the current literature in order to investigate the similarities and differences between the sets and to carry out a systematic analysis of the proposed criteria for the purposes of future consensus.
Methods
The Preferred Reporting Items for Systematic Reviews and Meta-Analyses statement was used as a guideline in structuring the review [21] . A literature search was performed in Pubmed, Embase, the Cochrane library and Web of Science using the search term diffuse idiopathic skeletal hyperostosis and its matching synonyms (Table 1; search date: 2 May 2016). In Pubmed, Embase and the Cochrane library, this search was limited to the title and abstract using the correct field description. In order to include osteoarchaeological articles on DISH, the search was extended in the Web of Science database with the syntax restricted by topic.
Duplicate articles were removed, and the title and abstract of the remaining articles were screened by two independent observers. Articles were included if the original authors described DISH and proposed a new set of diagnostic/classification criteria for DISH. Reasons for exclusion were the use of criteria already described in the previously published literature or absence of the full-text article. There were no language restrictions. If the inclusion and exclusion conditions were met, or if the title and abstract were inconclusive, the article was selected for full-text review. The full texts were subsequently screened for the inclusion and exclusion criteria and, following consensus between the two observers, articles were selected for inclusion. A manual check of the listed references of included articles was performed to check for articles that had not emerged in our primary search.
All retrieved articles were subsequently evaluated for methodological quality according to the Preferred Reporting Items for Systematic Reviews and MetaAnalyses statement [21] . The study characteristics of individual articles were assessed by recording the type of study performed (radiological, anatomical or osteoarchaeological), total number of subjects on which the authors based their conclusions/criteria, and the species of the subjects.
The sets of criteria to diagnose DISH were extracted from each article and placed into one of three groups. The first group included those articles that comprehensively described anatomical and radiological characteristics of DISH without using concise criteria. The second group included those articles that summarized their set of criteria for dichotomous diagnosis (disease present vs absent). Articles in the third group described a set of criteria that included various phases of DISH based on the progressive character of the condition.
Results
An overview of the search process is presented in Fig. 2 . The search in the Pubmed, Embase, Web of Science and Cochrane library databases yielded 4905 articles. After removal of duplicates, the titles and abstracts of 2863 articles were screened according to the inclusion and exclusion criteria. Subsequently, the full texts of the remaining 411 articles were checked for the inclusion criteria. In 61 instances, the full-text articles were unavailable. The remaining articles were in the English (n = 312), French (n = 19), German (n = 13), Italian (n = 2), Spanish The term and synonyms were entered in Pubmed, Embase and the Cochrane library restricted by title/abstract and in Web of Science restricted by topic. The term DISH was not included because of the wide-ranging meaning of this word/abbreviation. The term diagnostic criteria was not appended in the search in order to find as many articles as possible. The search was performed on 2 May 2016.
www.rheumatology.oxfordjournals.org (n = 2) and Dutch (n = 2) language. In 327 articles, the full texts did not contain new criteria for DISH. Crossreferencing resulted in inclusion of one more article. A total of 24 articles were included describing a set of criteria for the diagnosis of DISH.
Quality assessment A summary of the quality indicators of the selected articles is presented in Table 2 . Several study designs were used, including case series, cross-sectional studies, casecontrol studies and reviews. Almost all authors, except Crubé zy and Crubé zy-Ibanez [22] and Rogers and Waldron [12] , who described an osteoarchaeological evaluation only, used radiological imaging techniques to investigate the manifestations of DISH. All articles, with the exception of a canine study by Morgan and Stavenborn [23] , were based on human subjects.
Group 1: descriptive studies
The articles by Forestier and Rotes-Querol [8] and VernonRoberts et al. [24] described the pathological findings in patients with senile ankylosing hyperostosis of the spine, later known as Forestier's disease or DISH. Forestier and Rotes-Querol [8] based their conclusions on the plain radiographs of nine cases and the anatomical and radiological observations of two cases. Vernon-Roberts et al. [24] developed their summary on the radiological, macroscopic and microscopic analyses of 20 human cadaveric thoracic spines. The radiological examinations performed by Forestier and Rotes-Querol [8] included different observations for each anatomical region of the spine. In the thoracic region, Forestier and Rotes-Querol [8] noted continuous but irregular flowing outgrowths alongside the anterior aspect of the vertebrae and discs. In the lumbar region, the bone was shaped like a candle flame, and in the cervical region the outgrowths were very thick and large. In both cervical and thoracic regions, the bony outgrowths were often discontinuous [8] . In the article by Vernon-Roberts et al. [24] , the observations of the thoracic spine were similar to the description of Forestier and Rotes-Querol [8], although microscopic evaluation revealed that the ankylotic bridges observed on radiographs were not always completely fused. In 12 of the 20 cases, the pairs of syndesmophytes arising from the anterolateral margin of the adjoining vertebral bodies were separated by interposed fibrous tissue in continuity with the annulus fibrosus [24] . In both articles, the authors described normal intervertebral disc height and notable differences between DISH and AS.
Group 2: sets of criteria for dichotomous diagnosis
Eleven of the 24 articles described a set of criteria for DISH with a dichotomous outcome (Table 3 ). In these articles, multiple criteria had to be fulfilled in order to accept or reject the diagnosis of DISH. The number of vertebral bodies involved, the location of the hyperostosis, the quality of the intervertebral discs and the quality of the apophyseal and SI joints were recognized as important parameters to diagnose DISH. The first radiological criterion for spinal hyperostosis was introduced by Julkunen et al. [25] , who screened a large cohort (n = 5929) of subjects for prevalence purposes. DISH was defined as having at least two typical and fully developed bony bridges between vertebrae of the thoracic spine. The involvement of at least three contiguous vertebral bodies resulting in a minimum of two bony bridges was also described as the most important criterion for diagnosis by Bregeon et Resnick and Niwayama [9] aimed to demonstrate differences between DISH and degenerative spondylosis, because the inclusion criteria were chosen to incorporate only certain advanced cases of DISH. Complete radiographic fusion of the bony bridge was described as mandatory by all authors, except Rogers and Waldron [12] , who performed only macroscopic anatomical evaluation, to fulfil the criterion.
The location of the hyperostosis was described as spinal and/or peripheral. The spinal location was termed as anterolateral [9, 23, 26, 29, 30] or right-sided hyperostosis [12, 27, 28] . The affected levels were described located in the thoracic spine [11, 12, 15, 26, 27] , low thoracic or upper lumbar spine [28] and complete spinal column [9, 23, 29, 30] . The presence of extraspinal enthesophytes was introduced by Bregeon et al. [26] , describing hypertrophic osteophytes of the pelvis. Ossification of entheses at the elbows, knees and calcanei (preferably symmetrical) was suggested by Morgan and Stavenborn [23] and Rogers and Waldron [12] to confirm the diagnosis of DISH.
The intervertebral disc should be relatively preserved according to Resnick [12] to reject the diagnosis, because the authors theorized that disc degeneration could coincidentally be present.
The apophyseal joints were described by Bregeon et al. [26] as normal in DISH. Absence of bony ankylosis of the apophyseal joints was required to differentiate between DISH and ankylosing spondylitis according to Resnick and Niwayama [9], Maertens et al. [29] and Fujimori et al. [30] . In the article by Rogers and Waldron [12] , the absence of bony ankylosis of the apophyseal joints was described as a minor criterion, which should not be used for diagnostic purposes but could be confirmatory. 
Cross-sectional n = 585 (137) CT scan Thoracic spine Set window/level (800/2000)
The retrieved articles were sorted in chronological order. In the case series, the subjects were all diagnosed with DISH. In the cross-sectional and casecontrol studies, the overall number of subjects is presented, with the number of DISH subjects in parentheses. In all studies, research was performed on humans, except for one [23] . The information was extracted from each article, with missing information reported as ().
a Subjects had both radiological imaging and anatomical assessment. b The subjects with DISH and without DISH were manually selected in a casecontrol study design; therefore, the number in parentheses does not represent the prevalence of DISH. The anatomical assessment was performed in only some of the radiological cases (exact number unknown) to elucidate further the form and nature of the bony outgrowths. [23] for the same reason intervertebral disc degeneration could occur coincidentally.
Other parameters that were introduced for the diagnosis of DISH were the thickness of the hyperostosis and imaging settings. A thickness of 54 mm in the cervical spine and 56 mm in the thoracolumbar spine was a minimal requirement for the diagnosis of DISH according to Fujimori et al. [30] . Standardization of the imaging settings was introduced by Oudkerk et al. [15] to optimize the inter-observer agreement on CT images. Fixed window levels in the bone setting (width = 800; level = 2000) were required to limit false-positive/negative cases that could occur as a result of change in the apparent density of the anterior longitudinal ligament and surrounding soft tissues. The angle of the overall contour of the bridging ossification was required to be >90
to differentiate between flowing (blunt) ossifications and (sharply pointed) degenerative osteophytes. In order to reduce the observer variation, the assessments were performed in the sagittal view only [15] .
Group 3: sets of criteria with consecutive phases
Of the 24 articles, 11 described a scoring classification with inclusion of different phases or types of DISH (Table 4) . For example, three consecutive stages were described by Forestier and Lagier [31] in the cervical and lumbar spine. In the first stage, bone thickening was seen anterior to the vertebral body, and a cloudy shadow or well-defined nucleus was formed in front of the discs. The second stage was characterized by accentuated prevertebral thickening, with spur formation resembling a candle flame. The third stage showed a complete fusion between the pre-discal nucleus and spurs. The idea of staging the formation of new bone was also used by Julkunen et al. [32] for the thoracic region of the spine. In addition, a lesser hyperostosis was defined by Littlejohn and Hall [33] as contiguous bone formation over three instead of four contiguous vertebral bodies. A grading based on the number of vertebral bodies affected was also described by Fornasier et al. [34] , Bloom [35] and Haller et al. [36] . The presence of peripheral enthesopathies had already been associated with DISH; however, Utsinger [10] was the first to include extraspinal manifestations as an option for the diagnosis of possible DISH even in the absence of spinal involvement [37] . A slight modification of the Utsinger criteria, by Crubé zy and Crubé zy-Ibanez [22] , lowered the threshold for definite diagnosis of DISH to three or more vertebral bodies affected in the thoracic spine or at least four vertebral bodies affected at any level of the spine. A definition for the early phase of DISH was put forward by Beyeler et al. [38] , Paja et al. [39] and Holton et al. [40] and described the phase before reaching the threshold of the minimal number of vertebral bodies involved for diagnosis DISH (Table 4) . In summary, the 24 different sets of criteria defined DISH as a spinal hyperostosis with or without peripheral enthesopathies. The minimal number of affected vertebral bodies required to diagnose DISH varied between two and four. The quality of the intervertebral discs, quality of the apophyseal joints and quality of the SI joints were considered as valuable criteria in 17 of the 24 articles.
Discussion
This qualitative systematic review presents an overview of the articles describing a set of criteria for the diagnosis of DISH. Although there is agreement that DISH is a phenomenon leading to pathological hyperostosis, we found a clear lack of consensus on how exactly to define this condition.
The only criterion described in all articles included was the presence of radiographically discernible hyperostosis of the spine (Tables 3 and 4 ). The differences between the sets of criteria extracted from the 24 articles were focusing on the precise location (thoracic/total spine), completeness of the bone bridge, thickness of the hyperostosis and the degree of flowing. The major point of debate was the number of vertebral bodies involved in the new bone formation. DISH seems to be an ongoing condition that probably begins at a single level and (slowly) progresses to multiple levels [19, 41] . The number of vertebral bodies that needs to be affected to establish the diagnosis of DISH is therefore likely to be arbitrary. The appraisal of different phases of DISH has been performed only in casecontrol or cross-sectional studies without validation and thus all articles describing the phases of DISH are based on expert opinion only.
The strict criterion concerning relative preservation of the intervertebral disc height was introduced by Resnick and Niwayama [9] to contrast DISH with other ankylotic spinal diseases, such as spinal osteophytosis or degenerative spondylosis. Multiple other authors questioned whether the intervertebral disc height had to be completely normal, because natural degeneration of the intervertebral disc could co-occur in elderly subjects [11, 15, 26] . The improvement in the quality of CT imaging made the hyperostosis easier to detect, and some authors suggested that only severe disc degeneration should lead to rejection of the diagnosis of DISH [15] .
Mandatory diagnostic criteria for DISH often did not include the presence of peripheral manifestations, even though the name diffuse idiopathic skeletal hyperostosis was chosen to refer to the systemic changes observed [37] . Five articles described the presence of extraspinal enthesophytes as a criterion for DISH or the early phase of DISH, but the presence of only peripheral manifestations without spinal hyperostosis was insufficient to establish a definite diagnosis [10, 12, 22, 23, 26] . The role of peripheral enthesopathies for the diagnosis of DISH remains open for discussion. The articles included are described chronologically. All the information was extracted from each article; incomplete information is indicated by a dash (). The column 'DISH criteria' refers to the baseline criteria that the authors used to diagnose DISH. Four articles were excluded in our search because the authors did not describe a new set of criteria to diagnose DISH, but proposed a new scoring system for skeletal hyperostosis [19, 4143] . In the articles by Mizuno et al. [42] and Song et al. [43] , the shape of the ossification was evaluated after DISH was diagnosed using the Resnick criteria. Both authors classified ossification of the anterior longitudinal ligament in the cervical spine on sagittal CT scans of multiple patients as segmental, continuous or mixed type. The distinction between the types was based on the commonly used classification for ossification of the posterior longitudinal ligament [42, 43] . In addition to this sagittal characterization, Song et al. [43] also described a flat, nodular or globular formation of bone in the axial view. The authors of neither study offered arguments that identification of the shape of the ossification would have added value over the currently available sets of diagnostic criteria.
Both the articles by Mata et al. [41] and by Yaniv et al. [19] described a method for quantifying clinicalradiological correlations. In the scoring system by Mata et al. [41] , each vertebral level (in subjects with DISH according to the Resnick criteria) was scored for the presence of no ossification, partial ossification or complete bridging ossification. Extraspinal locations, such as the pelvis, ankles, knees, shoulders and elbows, were also assessed for the presence of hyperostosis. Refinements of the Mata criteria by Yaniv et al. [19] were made possible by improved imaging techniques, which allowed the authors to perform a retrospective analysis of CT scans in patients with DISH and to develop a scoring system consisting of six steps ranging from no osteophytes to fully developed bridges. Their findings were consistent with the expert opinion on the progressive growth of the spinal hyperostosis that does not seem to develop uniformly anterior to the spinal column but instead starts in a single vertebral level, gradually extending to other vertebral levels [19] .
Although 61 articles were unavailable for full-text review in our search, none of the titles or abstracts indicated a primary objective of developing a set of new criteria and none was used as a reference in other short summaries of the criteria of DISH [5, 20] . Articles dating before 1950 could not be retrieved because of poor or lacking digitalization, the use of different terminology and/or the absence of an abstract. The studies that were retrieved from our search were all observational studies, not specifically designed to create new diagnostic criteria for DISH and without validation of the new set of criteria. The purposes for which a set of new criteria were introduced included, for instance, the need for strict criteria to perform prevalence or association research [10, 22, 2528, 32, 33, 35, 36, 38, 40] or to demonstrate the difference between DISH and other spinal disorders [9, 23, 29] . Considering the goal of all authors to develop new criteria for clinical research, the use of the term diagnostic criteria should be avoided and be replaced by the correct term, classification criteria [44] . Variations in the sets of criteria were most probably attributable to differences in the numbers and types of subjects included, the research setting (hospital or osteoarchaeological), the continuously increasing knowledge of DISH or improvements in imaging techniques.
The lack of a standardized set of criteria for DISH implies that the studies on this topic are dissimilar in method, and their results cannot easily be compared. Although a meta-analysis can aggregate data leading to improved estimations of effect, it cannot be performed with results obtained with non-standardized methods. In 2013, an attempt was made to define a set of criteria for DISH using the Delphi method, but agreement was reached only on new bone formation in the spine [18] . The aim of this study by Mader et al. [18] was to find a dichotomous outcome to diagnose DISH; however, the present study emphasizes the need for a definition of DISH with consecutive phases of new bone formation.
Longitudinal follow-up research will be useful to gain insight into the pathophysiology and pathogenesis of DISH. The phase prior to the complete bridging bone formation could elucidate the type of tissue from which the new bone is formed and how the ossification progresses over time. As a prospective follow-up study can be performed only when the early phases of DISH are identified, a new set of classification criteria is needed.
In conclusion, this qualitative systematic review summarized 24 different sets of classification criteria for DISH. More than half of the suggested sets of criteria, including the commonly used Resnick criteria, described a dichotomous outcome and did not address the progressive character of this condition. The development and general acceptance of a single set of criteria with consecutive phases of new bone formation may facilitate a better understanding of the pathophysiology of this currently elusive condition.
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